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Spray-assisted alignment of Layer-by-Layer
assembled silver nanowires: a general approach
for the preparation of highly anisotropic
nano-composite ﬁlms†
H. Hu,a M. Pauly,*a,b O. Felixa and G. Decher*a,b,c,d
The present article focuses on the build-up and the properties of oriented silver nanowire monolayer
ﬁlms and Layer-by-Layer assembled multilayer ﬁlms. We describe the template-free oriented spray-assisted
assembly of silver nanowires at solid/air-interfaces using Grazing Incidence Spraying, a simple and versa-
tile approach that allows the formation of highly oriented thin ﬁlms with a tunable density and in-plane
orientation. Depending on the spraying conditions the nematic order parameter, which describes the
angular spread of misaligned nanowires, can be as high as 0.98 (a value of 1.00 corresponding to a
perfectly parallel alignment). The combination with the Layer-by-Layer assembly allows building multilayer
thin ﬁlms possessing in-plane anisotropy. In order to demonstrate that the local alignment does not
cancel out on the macroscopic scale but leads to direction-dependent properties, we use linearly
polarized UV-Vis-NIR spectroscopy to probe the selective excitation of the transverse and longitudinal
localized plasmon resonances of the nanowires. The polarization eﬃciency of the thin ﬁlms increases
strongly with the in-plane density, the degree of orientation, and the number of silver nanowire layers.
Multilayer ﬁlms containing 4 layers of nanowires oriented in the same direction reach a polarization
eﬃciency of up to 97% in the near-infrared region.
Introduction
The development of nanocomposite materials of high compo-
sitional and structural complexity, for example bio-inspired
materials, is generally thought to be very important but not
much explored due to the lack of appropriate methods for
their preparation.1 Interesting materials properties arise either
from the composition of a material (i.e. the number and the
chemical nature of its constituents) and/or from the complex-
ity of its structure.2 However, the number of diﬀerent constitu-
ents in man-made materials is presently limited and their hier-
archical organization is often very simple. With respect to the
preparation of multi-material thin films with a high level of
control over the spatial positioning of their constituents, Layer-
by-Layer (LbL) assembly has gained its merits as a simple and
highly versatile nanofabrication method.3,4 Multifunctional
coatings with unique biomedical, electrical, optical, mechan-
ical and magnetic properties can routinely be prepared by LbL-
assembly4,5 as it allows the combination of a large variety of
components such as polyelectrolytes, spherical nanoparticles,6
nanorods7 and nanowires8 in a single LbL-film. While the
sequence of components in layered multi-material films can
be very well controlled by LbL-assembly, tuning of the in-plane
anisotropy has not yet been achieved. This has been a severe
drawback since one-dimensional (1D-) nanomaterials, such as
nanotubes, nanorods and nanowires, have been receiving
increasing attention in the last few years because of their an-
isotropic physical properties and their potential applications
in opto-electronic nanodevices.9–11
Among the broad range of inorganic 1D-nanomaterials,
silver nanowires (AgNWs) are one of the most investigated
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ones10,12 as they could find applications as transparent conduc-
tive electrode materials,13 plasmonic waveguides,9,14 antennas15
or sensors.16,17
A variety of methods,18 including Langmuir–Blodgett depo-
sition,19,20 blown bubble film transfer,21 dip-coating,22 H-bar
dip-coating,23 doctor-blade casting,24 capillary printing25 and
the use of electrical or magnetic fields,26 have been suggested
to control the assembly and in-plane alignment of rod-like
nano-objects. Other techniques use flow-induced shear in
fluidic cells,27 in a capillary,17,28 or by evaporating spray droplets
arriving on hot surfaces.29 However, these methods are limited
in their ability to yield uniformly aligned films over large areas,
they are restricted to small groups of components or they fail to
produce compositional control along the z-direction.
Recently, we have introduced “Grazing Incidence Spraying”
(GIS) as a new method for the preparation of oriented mono-
and multilayer films of cellulose microfibrils30 or of mono-
layers of metallic nanowires and nanorods.31 While it is some-
what related to “blow-alignment”,32 or to “combing”,33 GIS is
based on spray-assisted shear-induced assembly and can be
combined with the LbL-approach in order to extend it toward
the preparation of in-plane anisotropic multilayer films.
In a previous study,31 we have shown that oriented mono-
layer thin films of 1D-nanoparticles such as gold nanorods
and AgNWs can be eﬃciently oriented using GIS. We have also
shown that the quality of alignment increases with the length
of the deposited nano-objects. Here we use GIS for the con-
trolled alignment of AgNWs in mono- and multilayer architec-
tures for preparing well-aligned thin films of controlled thick-
ness homogeneous over large areas. In order to demonstrate
that the local topological orientation of 1D-nano-objects
induces macroscopic anisotropic properties, we use linearly
polarized UV-Vis-NIR spectroscopy to probe the selective exci-
tation of the transverse and longitudinal localized plasmon
resonances of the nanowires. The anisotropic character of the
physical properties (i.e. the polarization eﬃciency) of these
mono- and multilayer architectures strongly increases with the
in-plane density, the degree of orientation, and the number of
AgNW layers.
Results and discussion
Monolayers of oriented silver nanowires
AgNWs were synthesized by a polyol reduction procedure as
previously reported in the literature (for a detailed description,
see the ESI†),17,34 which results in nanowires that have a cross
section of 47 ± 6 nm and a length of 4.2 ± 1.5 μm, as deter-
mined by Transmission Electron Microscopy (TEM) (Fig. S1†).
The oriented deposition of AgNWs on diﬀerent surfaces
was carried out by spraying the nanowire suspension at an
angle of 15° onto a receiving surface using the GIS approach
(Fig. 1a), which results in a dense monolayer of aligned
AgNWs (Fig. 1b). AgNW monolayers were prepared on glass
slides or on silicon wafers, both of which were previously
coated with a layer of poly(ethyleneimine) (PEI).
The distribution of the angle θ between each nanowire prin-
cipal axis and the spraying direction is extracted from the
Scanning Electron Microscopy (SEM) pictures using the plugin
OrientationJ35 developed for ImageJ,36 which is based on the
analysis of the structure tensor in a local neighbourhood
(Fig. 1c–e and S2†). A 2D nematic order parameter S can be
calculated from this angular distribution
S ¼ h2cos2 θ  1i ð1Þ
where the chevrons denote the weighted average over the dis-
tribution of θ, S = 0 corresponds to a random distribution (iso-
tropic films, i.e. θ is equally distributed between 90° and −90°)
and S = 1 corresponds to a perfectly parallel orientation (fully
anisotropic films, i.e. θ = 0° for all AgNWs).
The highest ordering of AgNWs (Fig. 1) was obtained at
1 cm downstream from the impact point of the spray jet on
Fig. 1 (a) Schematic representation of the GIS deposition technique.
(b) SEM picture of an AgNW monolayer deposited on PEI-coated silicon
wafer. (c) Orientation analysis of the dotted square portion of panel (b),
in which the nanowires are colored according to their orientation.
(d) Color-code used for the orientation analysis. (e) Distribution of the
nanowire angle θ relative to the spraying direction.
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the substrate (S = 0.98, Fig. 1b and c). This corresponds to
∼97% of the nanowires aligned within ±15° of the spraying
direction, and to ∼66% of the nanowires aligned within ±5°.
The degree of orientation strongly depends on the distance
away from the impact point along the flow direction. For
instance, S is reduced to 0.87 at 1.5 cm away from the spray
jet impact point. Generally speaking, S was above 0.80 for all
the samples made with AgNWs following the method used
here. We believe that the spraying at small angles produces a
thin liquid film on the receiving surface whose flow across
the surface in the direction away from the nozzle exercises
suﬃcient shear for orienting the 1D-nanomaterials during
their adsorption from the suspension. The nanowire density in
the monolayer, and thus the in-plane plasmonic coupling37
between diﬀerent AgNWs in the same layer is conveniently
tuned by varying the spraying time (Fig. 2). The surface cover-
age was varied between 15% for 10 seconds spraying, and up
to 60% when the spraying is maintained for a few minutes
(Fig. 2d). AgNWs only adsorb in areas where a PEI-coated
interface is available (Fig. 2a–c), and do not form an adlayer
on top of already adsorbed AgNWs. In competitive random
sequential adsorption, a jamming coverage will be reached
that depends on the size and shape of the adsorbing species
and at which the surface coverage reaches a plateau. This
adsorption mechanism also explains why the density is lower
around misaligned nanowires or deformed nanowires (see for
instance the circled areas in Fig. 2c).
The extinction spectrum of AgNWs displays two peaks in
the UV-Vis region and a broad band extending in the near-
infrared (NIR) region due to the localized surface plasmon res-
onances (LSPR). For AgNWs in suspension (Fig. 2e), two peaks
at 349 and 377 nm are observed. Kottman et al. have observed
that silver nanowires with a non-circular cross-section display
multiple transverse resonance peaks.38 These peaks are com-
monly assigned to the out-of-plane quadrupole resonance and
the out-of-plane dipole resonance of nanowires respect-
ively,20,39 although this assignment has, to the best of our
knowledge, not yet been confirmed by simulations. A broad
band starting at ∼650 nm and extending towards the near
infrared region can be assigned to the longitudinal mode of
the LSPR. UV-Vis extinction with unpolarized light has also
been measured for a disordered sample obtained by drop-
casting and an oriented monolayer (Fig. 2e). The transverse
LSPR peaks are significantly broadened and slightly red-
shifted due to plasmonic coupling between neighbouring
AgNWs. The total extinction increases with the spraying time
as the AgNW density increases in the monolayer (Fig. 2f), in
particular the extinction measured at 378 nm (i.e. at a trans-
verse LSPR peak, Fig. 2g). Furthermore, a new peak at
∼450 nm appears for spraying times above 50 seconds. The
intensity of this peak increases for longer spraying times (i.e.
for a higher AgNW density on the surface), and it can be
assigned to a new mode arising from the coupling of dipolar
transverse LSPR modes of individual nanowires.37
Fig. 2 (a–d) SEM pictures of AgNW monolayers deposited for 10 s (a), 50 s (b) and 800 s (c), and surface coverage measured on SEM pictures as a
function of the spraying time (d). The circled areas in panel (c) highlight regions in which the nanowire density is lower around misaligned nanowires.
(e) UV-Vis-NIR extinction spectra of the nanowire suspension, a disordered AgNW thin ﬁlm and an oriented AgNW monolayer thin ﬁlm. (f ) UV-Vis-
NIR extinction spectra of oriented monolayer thin ﬁlms deposited for 10 s, 50 s, 100 s, 200 s and 400 s, and (g) extinction at 377 nm as a function of
spraying time.
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Polarized UV-Vis-NIR spectra of oriented AgNW arrays are
used to evidence the macroscopic anisotropic character of the
optical properties due to the local anisotropy. Indeed, both the
longitudinal and the transverse modes of the localized surface
plasmon resonance are independent of the polarization of the
incident light in the non-oriented film (Fig. S3†). When the
nanowires are aligned, strong polarization eﬀects are observed
with respect to the polarization directions of the longitudinal
and transverse modes (Fig. 3). The polarized extinction was
measured as a function of the angle ϕ between the incident
light beam polarization plane and the orientation direction
(Fig. 3a and b). For ϕ = 0° (i.e. polarization parallel to the long
axis of the nanowires), the longitudinal LSPR mode is excited
as seen from the high extinction in the NIR. In contrast, for
ϕ = 90° (i.e. polarization perpendicular to the long axis of the
nanowires), the transverse LSPR modes are excited resulting in
a high extinction in the UV-visible region and in the appear-
ance of a small peak at 450 nm related to the coupling
of transverse LSPR modes of individual nanowires.37
Consequently, for intermediate polarization angles both
modes are excited. The extinctions at 378 nm and 1500 nm are
depicted in Fig. 3c in a polar plot as a function of the polari-
zation angle ϕ. Fig. 3b and c illustrate nicely that oriented
nanowire films are wavelength-dependent polarizers, as light
is polarized in perpendicular directions below and above
425 nm. Another consequence is the high contrast of the
reflected intensity of oriented nanowire thin films under cross-
polarizers, demonstrating the macroscopic homogeneity of the
optical properties (see Fig. S4†).
Multilayers of oriented silver nanowires
As the orientation process has been demonstrated to
be eﬃcient for the build-up of an aligned AgNW mono-
layer, we used the Layer-by-Layer approach in order to
fabricate multilayer films. PEI, poly(sodium 4-styrenesulfonate)
(PSS) and poly(allylamine hydrochloride) (PAH) were used
as spacer layers between the nanowire layers, and the
architecture of multilayer samples can be denoted as
PEI/AgNW/[PEI(PSS/PAH)5PSS/PEI/AgNW]n−1, n indicating the
number of individual nanowire layers.
The multilayer build-up was monitored by cross-section
SEM (Fig. 4a) and by determining the extinction (Fig. 4b) as a
function of the number of deposited layers. Note that the term
“AgNW layer” refers to the sequential adsorption of LbL films,
but that such films resemble more a “woodpile”-like structure
than a regularly layered stack. However, it appears clearly from
the SEM pictures (Fig. 4a) that the film thickness increases
proportionally to the number of AgNW deposition cycles, with
a growth increment of ∼50 nm per repeating unit (Fig. 4c),
which fits well with the combined thickness of the AgNWs and
of the polyelectrolyte spacer layers. This linear growth is
corroborated by the increase of the extinction at 380 nm as the
number of deposited AgNW layers increases (Fig. 4c). The two
transverse LSPR bands are broadened and strongly overlap,
and a new broad extinction band appears at around 450 nm
whose intensity grows as the number of layers increases,
which arises from plasmon coupling between neighbouring
layers.37
Similarly to the oriented monolayer discussed above, the
optical response of oriented multilayer thin films is polari-
zation-dependent. Fig. 4d displays the extinction of the mono-
layer and multilayers with n = 2–4 for ϕ = 0° and ϕ = 90°.
Similarly to monolayer films, the absorbance in the NIR range
is high when the longitudinal LSPR band is excited and the
absorbance in the near-UV range is high when the transverse
LSPR bands are excited using the appropriate polarization
directions in each case.
The polarization eﬃciency (P.E.) is conveniently defined as
the normalized diﬀerence between the transmittance of light
polarized parallel (T∥) and perpendicular (T⊥) to the direction
of nanowire orientation.
P:E: ¼ Tk  T?
Tk þ T? ð2Þ
The polarization eﬃciency shows a positive maximum at
the position of the transverse LSPR bands in the near-UV
Fig. 3 (a) Scheme describing the polarized UV-Vis-NIR extinction measurement, in particular the angle ϕ between the light polarization plane and
the nanowire orientation direction. (b) UV-Vis-NIR extinction spectra of an oriented nanowire monolayer thin ﬁlm measured for various polarization
angles ϕ. (c) Polar plot of the extinction at 378 nm (transverse LSPR) and 1500 nm (longitudinal LSPR) of an oriented AgNW monolayer thin ﬁlm as a
function of the polarizer angle ϕ.
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range, and becomes more and more negative when extending
towards the NIR (Fig. 4e). Furthermore, the polarization
eﬃciency increases strongly with the number of deposited
AgNW layers. P.E. is equal to 31% at 347 nm and −57% at
1500 nm for a single layer of aligned nanowires, and reaches
92% and −97% for the 4-layer sample in the UV and NIR
respectively. Note that P.E. does not increase much when
adding a fourth AgNW layer to a multilayer composed of three
AgNW layers because P.E. is already getting close to its
maximum value of 100%.
Conclusions
In summary, we have shown that GIS is a very easy and versa-
tile approach for orienting AgNWs. The resulting anisotropic
thin films display optical properties that are in turn highly an-
isotropic. Moreover, multilayer thin films can be fabricated by
combining this method with the Layer-by-Layer technique. The
degree of orientation is high, with at least 95% of the nano-
wires being oriented within ±15° with respect to the main
direction.
It should be highlighted that GIS is a process that is very
easy to implement and scale up, as it does not require costly
equipment or complicated sample preparation. Once the para-
meters are optimized, deposition of a layer takes a few tens of
seconds, which can probably be reduced to shorter times by
increasing the nanowire/substrate interaction. A single static
spraying nozzle as used in this study allows covering homoge-
neously a few mm2, and this can already be scaled-up to
several cm2 using a mobile nozzle while the scale-up to m2 is
expected to be possible either by using an array of nozzles, or
by scanning the nozzle(s) over the substrate. Such homo-
geneous anisotropic large area coatings are diﬃcult to prepare
by other alignment techniques such as Langmuir–Blodgett or
doctor-blading.
Finally, the tunability is very high, as GIS can in theory be
applied to any 1D-nanomaterial on any type of substrate
(oxide, metallic, polymeric, flexible or not, etc.) provided that
there is an attractive interaction between the substrate and the
deposited nanowires/nanorods (which can be adjusted by
playing with substrate/nano-object surface functionalization).
The combination with the LbL approach3–5 furthermore opens
perspectives towards multi-material architectures, in which
Fig. 4 (a) Cross-section SEM pictures of oriented thin ﬁlms composed of n = 2, 4, 6 and 8 AgNW layers. (b) Unpolarized extinction spectra of thin
ﬁlms of diﬀerent thicknesses. (c) Extinction at 380 nm and thickness measured from the cross-section SEM pictures as a function of silver nanowire
layer number n. (d) Extinction spectra for light polarized parallel (full lines) and perpendicular (dashed lines) to the orientation direction for various
layer numbers n. (e) Polarization eﬃciency for various layer numbers n (see eqn (2)).
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diﬀerent (nano)materials can be deposited in each layer,
having independent control on the composition, density and
orientation of each layer. As an example, Fig. S5† shows a
2-layer thin film in which the second AgNW layer is aligned
perpendicularly to the first one. One could imagine even more
complex architectures, for instance by varying the angle
between the layers or the number of layers. The LbL approach
is also well known as a technique ideally suited for the fabrica-
tion of multi-material composite thin films that can comprise
a large variety of materials.40 The combination of the tunable
in-plane anisotropy demonstrated in this paper and the well-
established control of the layer sequence (i.e. anisotropy in the
direction of the layer normal) oﬀered by LbL assembly allows
envisioning multi-material nanoscale functional thin films
that would enable new applications for example in opto-
electronics, (bio)chemical sensing or for transparent con-
ductive electrodes and solar cells.
Materials and methods
Chemicals
Poly(ethyleneimine) (PEI, Mˉn ≈ 60 000 g mol−1), poly(sodium
4-styrenesulfonate) (PSS, Mˉw ≈ 70 000 g mol−1), poly(allylamine
hydrochloride) (PAH, Mˉw ≈ 15 000 g mol−1), poly(vinylpyrrol-
idone) (PVP, Mˉw ≈ 40 000 g mol−1), silver nitrate and glycerol
were purchased from Sigma-Aldrich (Saint Quentin Fallavier,
France). Sodium chloride was purchased from Carl Roth
GmbH (Karlsruhe, Germany). All the chemicals were used
without further purification. The aqueous solutions were pre-
pared with ultrapure water (resistivity = 18.2 MΩ cm, Milli-Q
Gradient system, Millipore, Molsheim, France).
PEI solutions were freshly prepared by direct dissolution of
2.5 mg mL−1 of the polymer in ultrapure water. PSS solutions
were prepared in NaCl solution (0.5 M) at a concentration of
0.62 mg mL−1. PAH solutions were prepared in NaCl solution
(0.5 M) at a concentration of 0.29 mg mL−1.
Synthesis of Ag nanowires
Silver nanowires were synthesized by a polyol reduction pro-
cedure previously reported in the literature (for detailed
description, see the ESI†).17,34 Briefly, a glycerol solution of
AgNO3, NaCl and PVP is heated from room temperature to
210 °C, which leads to Ag+ reduction and to the formation of
silver nanowires that typically possess a pentagonal cross-
section. The wires, coated in situ with PVP, form a stable sus-
pension in water. The synthesis as performed in our laboratory
results in nanowires which have a cross section of 47 ± 6 nm
and a length of 4.2 ± 1.5 μm, as determined by Transmission
Electron Microscopy (TEM) (see Fig. S-1†).
Oriented deposition of silver nanowire layers
An aqueous suspension of silver nanowires (0.12 mg mL−1)
was sprayed on PEI-coated substrates (either glass slides or
silicon wafers) using a home-made spraying system (see the
ESI†) equipped with 2-fluid nozzles (internal diameter:
300 μm, Spraying Systems, Wheaton, IL) for 200 seconds
unless otherwise specified. The angle between the central axis
of the cone of the spray jet and the receiving substrate was
fixed at α = 15° (Fig. 1a), and the distance between the nozzle
and the substrate was held at a constant distance of 1 cm. The
liquid flow rate was fixed to 1 mL min−1 and the air flow rate
to 30 L min−1, which produces a cloud of droplets with a dia-
meter in the range of 5–20 μm as determined by Phase
Doppler Interferometry (PDI, data not shown here). Following
deposition, the thin film was rinsed with Milli-Q water and
dried using air flow.
For silver nanowire multilayer build-up, a polyelectrolyte
multilayer spacer was deposited between each silver nanowire
layer using air-pump spray cans (Roth, Lauterbourg, France).
Each polyelectrolyte solution was sprayed for 10 seconds, fol-
lowed by a 10 seconds rinsing step. Layer pairs of PSS and PAH
were selected as spacer layers between the nanowire layers.
The polyelectrolyte deposition sequence thus consisted of
1 layer of PEI, followed by 5 alternate layers of PSS and PAH,
followed by another layer of PSS and finally a layer of PEI. The
subsequent silver nanowire layer was sprayed under the same
conditions as those used for the first layer, and the whole
process can be repeated several times. The architecture of all
multilayer samples discussed here can therefore be denoted as
PEI/AgNW/[PEI(PSS/PAH)5PSS/PEI/AgNW]n−1, n indicating the
number of individual nanowire layers.
Characterization
The nanowire size distribution was determined from the
images obtained with a Tecnai G2 FEI Transmission Electron
Microscope (TEM). Thin films were imaged by Scanning
Electron Microscopy (SEM) using a JEOL 6700F microscope
equipped with a field emission gun (FEG) and operating at
3 kV. The image analysis was performed using ImageJ.36 The
orientation analysis was done with OrientationJ,35 a plugin
developed for ImageJ, which is based on the analysis of the
structure tensor in a local neighbourhood (see Fig. S-2† for a
detailed description of the orientation analysis procedure).
UV-Visible-Near Infrared spectroscopy was carried out with a
Cary 5000 spectrometer (Agilent) in dual beam configuration.
The extinction for the thin film samples was measured
through a circular aperture with 5 mm diameter and a blank
substrate was used as a reference. A Glan-Taylor polarizer has
been used for polarized UV-Vis-NIR spectroscopy.
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